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It has been reported from this laboratory that germination of legume seeds 
in the dark results in a stimulation of ascorbic acid formation along with 
increase in reducing sugars through enhanced amylolysis.1 These observa- 
tions concur with the view that hexoses are precursors in the biosynthesis 
of ascorbic acid.2»* However, it has not been ascertained whether the 
conversion of sugars, specifically glucose, to ascorbic acid, takes place by 
a direct oxidative pathway or through mediation of the glycolytic route. In 
this investigation evidence is presented to show that the oxidative break- 
down steps are catalysed by certain of the B vitamins and that the acids 
involved in the intermediary metabolism of glucose, particularly fumaric 
and succinic acids, exert greater stimulation of vitamin C formation than 
comparable quantities of glucose itself. It is also shown that there is a 
remarkably close parallelism between the elaboration of ascorbic acid and 
of nicotinic acid under a variety of experimental conditions. These conclu- 
sions have been pursued further in the following communication which 
confirms, through use of cytotoxic agents, selective enzyme inhibitors and 
phosphorylation studies, that the metabolic breakdown of glucose into 
smaller fragments is an essential prerequisite to the subsequent endergonic 
step of ascorbic acid biogenesis. 


EXPERIMENTAL 


All the studies reported here have been carried out with miing (Phaseolus 
radiatus) seeds. The procedures followed for seed germination, sampling 
and ascorbic acid determinations, etc., were all as described before. Treat- 
ment with a substance was given by overnight soaking of 10 gm. of the 
seeds in 50 c.c. of its solution in concentrations as shown. Soaked seeds were 
then germinated as usual, glass-distilled water being served periodically 
when needed. 


33 


Bl 


: 


SmiTA P. BHARANI AND OTHERS 


EFFECT OF PRETREATMENT WITH GLUCOSE AND B VITAMINS 


Seeds pretreated by soaking with glucose alone in 3% concentration 
gave 13-1% increase in ascorbic acid elaboration during four days’ germina- 
tion over the corresponding value for untreated seeds of 217-1 mgm. per 
100gm. At 4 and 1% concentrations, glucose had only small stimulatory 
effect (1-4 and 1-9% respectively) while beyond the 3% level it caused 
stunted growth of seedlings with bunched short roots. In contrast to glucose, 
hexose diphosphate (Schwarz Laboratories, New York) had a pronounced 
enhancing effect on vitamin synthesis even in small concentrations. Thus 
with 100 p.p.m., the per cent. difference over untreated four days old seed- 
lings was 21-3. This effect was not attributable to the phosphate compo- 


nent alone since sodium f-glycerophosphate even at 3% concentration gave 
only 4-:7% stimulation. 


The effect of supplementation of glucose (1%) with thiamine, riboflavin 
and nicotinic acid (100 p.p.m. each) which are associated with carbohydrate 
metabolism as components of enzyme systems is shown in Table I for four 
days’ seedlings. Phosphate (100 p.p.m.) as the trisodium salt was also 
employed in these studies, phosphorylations being essential steps in glucose 
breakdown. The data include values for dehydroascorbic acid and ascorbic 
acid oxidase, determined by earlier procedures.‘ > 


TABLE 
Effects of Glucose Together with B Vitamins and Phosphate 


| Dehydro 


. | Total Ascorbic acid 
Treatment | Ascorbic ascorbic | 


oxidase 


acid activity 


| 
| 


mg. per 100 g. 


Nil 35°67 224-5 
Glucose (1% ) 37°5 229-9 
Glucose (1%)+B vitamin mixture+ 59-4 260-6 
Phosphate (100 p.p.m.) 41-2 238-0 
Glucose (1%) + Phosphate (100 p.p.m.) 39-9 233-1 


Glucose (1%)+.B- vitamin mixture* + 60-1 255-8 
Phosphate (100 p.p.m.) 


* Consisting of 100 p.p.m. each of thiamine, riboflavin and nicotinic acid. 
+t Units expressed as in (5). 
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Glucose at the concentration employed had only a slight effect but with 
added B vitamins marked stimulation was observed. Phosphate, either 
alone or in combination with glucose, had an influence only in presence of 
the B vitamins. Studies using the latter only as cultural additions are 
reported later (Table XIV). The values for dehydroascorbic acid were also 
higher in the presence of the B vitamins with or without phosphate. Oxidase 
activity was lower in all cases as compared to the untreated seedlings; the 
effects of cultural supplements on total ascorbic acid are not explicable solely 
on this basis. 
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. EFFECTS OF SUGARS ON GERMINATING EMBRYOS 


Seeds were disinfected with 0-5% formalin solution, washed thoroughly 
with sterile glass-distilled water and after overnight soaking allowed 
to germinate under aseptic conditions for 24 hours. The embryos were 
next separated from the cotyledons and transplanted on to a nutrient agar 
medium containing Knopp’s solution with 3% concentration of the appro- 
priate sugar. The best concentration of agar that gave a gel soft enough 
for the radicles to pierce through was 0-8%. The semi-solid gel was set 
in a wide-mouthed, flat-bottomed flask plugged with cotton-wool. 


' General growth of seedlings was better in media containing added 
sugars as compared to the untreated lot which on the fourth day after trans- 
plantation analysed to 110-2 mgm. per cent. of vitamin C. The percentage 
increases in vitamin C brought about by glucose, mannose, fructose and 
sodium f-glycerophosphate were 59-2, 56-9, 55-1 and 27-2 respectively. 
The better effect due to the sugars here is due to the exclusion of the stored 
reserves when intact seeds are employed (of 1, 6). The comparatively lower 
stimulatory effect of glycerophosphate may be due to its not being an inter- 
mediate in hexose metabolism. 


EFFECT OF GLUCOSE ON GERMINATION IN THE DARK 


Procedures for treatment with glucose and germination in the dark 
were as described before. Necessary controls were kept. Results obtained 
on the fourth day of germination are given in Table II. 


Germination in absence of light resulted, as reported earlier,’ in increased 
ascorbic acid synthesis. However glucose treatment had a considerably 
less beneficial effect under these conditions as compared to germination 
in diffused light. This was to be expected in view of the fact that 
during sprouting in darkness there is enhanced sugar formation through 
amylolysis.' 
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TABLE II 
Effect of Glucose and Germination in Darkness 


Germinated in diffused ight Germinated in the dark 


| Per cent. difference 


Ascorbic acid ditieamen Ascorbic acid 


(mg. %) (mg. %) lover seedlings 
germinated 
in the dark 


Treatment 


over seedlings 
germinated 
in diffused 
light 


Nil 217-0 232-9 oe + 68 
Glucose (1%) 221-3 + 1-9 242-7 +4-0 +11-8 


Glucose (3%) ‘| 245-6 413-1 244-4 +12-8 


EFFECT OF COLD TREATMENT DURING STEEPING AND OF GERMINATION 
IN THE DARK ON NICOTINIC ACID BIOGENESIS 


The formation of nicotinic acid during germination has been reported 
by several workers’ *:° and has evoked interest with respect to its possible 
precursors.!° In other studies’! the changes in nicotinic acid and its related 
metabolites have been followed during germination. Unpublished data 
have shown a close parallelism between the elaboration of vitamin C and of 
nicotinic acid. In particular, cold treatment during steeping prior to germi- 
nation as well as germination in absence of light which have marked stimu- 
latory effect on vitamin C formation! also influence nicotinic acid synthesis. 
The data for four and six days’ old seedlings are presented in Table III. 


TABLE III 


Effects of Cold Treatment and Germination in the Dark on Nicotinic 
Acid Formation 


Fresh basis Dry basis 


Day of germination micrograms per | micrograms per | micrograms per micrograms per 
100 g. 100 seedlings 100 g. 100 seedings 


4th 6th 4th 6th 


Untreated (normal steep- 726 957 242 
ing and germination 
Cold treated --| 1056 1089 302 


Germinated in the dark -- 990 396 
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Pre-treatment during steeping was given for 24 hours at 0-4°C. Nicotinic 
acid determinations were carried out by a cyanogen bromide procedure." 14 


When compared on dry basis, both treatments augment nicotinic acid 
synthesis as in the case of ascorbic acid. Nicotinic acid precursor, determined 
by an extraction procedure at pH 10 for 6 hours at 37°C." also showed 
increases at almost parallel rates. 


EFFECTS OF INTERMEDIATES IN THE KREBS’ CYCLE 


The established involvement of hexoses as precursors of ascorbic acid 
suggested a study of the influence of the tricarboxylic acids resulting from 
the oxidative breakdown after glycolysis by the Embden-Parnas-Meyerhof 
route. The acids (Table IV and Table V) were used as sodium salts in a 
concentration of 100 p.p.m. Aspartate has been included in place of its 
deamination product oxalacetic acid which is highly unstable. Values for 
ascorbic acid and nicotinic acid (total) are given separately (Table [IV and 
Table V respectively). 


It may be seen that all the intermediates in general have varying degrees 
of stimulatory effect on formation of both the vitamins; fumarate influence 
is especially noteworthy. The metabolic importance of nicotinamide is as 
co-enzymes (Diphosphopyridine nucleotide or DPN and Triphosphopyri- 
dine nucleotide or TPN) in various dehydrogenation systems; it is co- 
dehydrogenase in the oxidation of iso-citric acid (TPN) and of malic acid 
(DPN). Evidently, therefore, conditions influencing oxidation of the 
Krebs’ acids would also involve increased formation of nicotinamide. The 
distribution of the nicotinamide synthesized during germination in terms of 
its various forms requires to be studied. 


Higher concentrations (250 p.p.m.) of the foregoing metabolite inter- 
mediates had somewhat inhibitory effect on growth and hence on bio- 
synthesis of the vitamins (Tables VI and VII). 


It should be stated here that under normal conditions of germination 
and assuming the formation of these intermediates as a prerequisite to vitamin 
elaboration, their concentrations will at no time reach high values on 
account of rapid and continuous mobilisation. 


EFFECTS OF KREBS’ INTERMEDIATES ON ExCIsED EMPBRYOS 


The foregoing studies were extended by growing excised miing embryos 
on semi-solid nutrient media containing the sodium salts of the different 
metabolites, Glucose was used at 3% concentration and other salts 
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TABLE VI 


Effects of Higher Concentrations of Krebs’ Intermediates : 
Ascorbic Acid 


Fresh basis Dry basis 
Day of germination 
. per 100 . per 100 
Treatment* mg. per 100 g. mg. per 100g. 
| 
3rd | Sth 3rd | 5th 3rd 5th 3rd | 5th 
| | 
Nil 22-86 | 18-48 | 3-97 | 4-69 | 125-9 | 193-6 | 21-95 | 49-4 
Citrate 26-73 | 18-62 5-08 | 4-92 | 139-5 | 184-3 26-45! 48-7 
Succinate 27-17 | 20-01 4-76 | 5:25 | 138-6 174-0 | 23-4 | 45-65 
| 
Fumarate 26-96 | 19-42 4-42 | 4-76 | 135-5 | 188-5 | 22-2 | 46-3 
| | 
Malate ++| 25-69 | 20-22 | 4-92 | 4-76 | 138-8 | 190-5 | 26-6 | 44-99 
Aspartate ++| 23+33 | 20-40 | 4-24 | 5-00 | 130-3 | 191-0 | 23-72 | 46-7 
* Concentrations : 250 p.p.m. each. 
TABLE VII 
Effects of higher concentrations of Krebs’ Intermediates : 
Nicotinic Acid 
Fresh basis Dry basis 
Treatment* micrograms per | micrograms per micrograms micrograms 
100 g. 100 seedlings per 100 g. per 100 seedlings 
3rd 5th 3rd 5th 3rd 5th | 3rd 5th 
Nil 500 475 90 140 | 2759 | 5010 496 | 1471 
| 
Citrate 450 375 95 120 | 2347 | 3702 495 | 1189 
Succinate 425 | 325 | 82 so | 2097 | 2829 | 402 | 776 
Fumarate 475 338 96 101 | 2392 | 3273 483 982 
Malate 75 275 78 83 | 2091 | 2596 421 779 
| 
Aspartate 450 413 90 121 2511 | 3875 600 | «(1131 


* Concentrations : 250 p.p.m. each. 


in equimolar proportions of their respective acids to this glucose con- 
centration. Thus calculated, the percentage concentrations of the acids 
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were citric, 3-2; succinic, 1-96; fumaric, 1-93; malic, 2-23; pyruvic, 1-5; 
and aspartic, 2-21. Seedlings were sampled for vitamin C determination on 
fourth day (Table VIII). 


TABLE VIII 
Effects of Krebs’ Intermediates on Biosynthesis of Ascorbic Acid 
by Embryos 
— | Pe cmt, 
Nil 126-5 
Glucose (8% ) 192-6 +52-3 
Citrate (3-2% ) 134-2 + 6-1 
Succinate (1-96 %) 143-8 +13-7 
Fumarate (1-93%) a 155-6 +23-0 
Malate ‘(2-23% ) 140-9 +11-4 
Pyruvate (1-5%) 243-8 +92-7 
Aspartate (2-21%) 160-0 +26-6 


With most salts, there was retardation in growth of embryos to some 
extent; this was especially so with citrate, malate and aspartate. Never- 
theless, a favourable influence on ascorbic acid formation was noticeable in 
all cases, being pronounced with pyruvate which had also less deleterious 
effect on growth. 


EFFECTS OF KREBS’ INTERMEDIATES SUPPLEMENTED WITH B VITAMINS 


Seeds were soaked in solutions containing appropriate salts (100 p.p.m. 
each) and/or a mixture of vitamins (100 p.p.m. each) as detailed in Table IX 
prior to germination as usual. Dehydroascorbic acid, total ascorbic acid 
and ascorbic acid oxidase activities were also followed. Determinations 
were carried out on fourth day. 

The B vitamins in themselves had a small stimulatory effect but did not 
appreciably add to the influence of the salts of the organic acids employed. 
Oxidase activities were somewhat higher in presence of the salts and were 
not again influenced by the vitamin addition. 


EFFECTS OF CERTAIN AMINO ACIDS 


A number of amino acids could serve as sources of glycogen or in gluco- 
neogenesis in the animal organism. They also form keto acids by deamination 
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TABLE IX 
Effects of Citrate, Succinate and Fumarate together with B Vitamins 


1 
Ascorbic acid 
Treatment | Ascorbic acid jascorbic acid | ascorbic acid oxidase 
activity 


(mg. per 100 g.) 
! 
Nil 172-1 22-2 194-3 
B vitamin mixture* . 198-0 20-1 | 218-1 


Citrate (100 p.p.m.) --| 188-7 | gee 209-9 
Citrate (100 p.p.m.) +B vitamin mixture* | 195-4 12-7 208-1 


Succinate (100 p.p.m.) | 187-5 


Succinate (100 p.p.m.) +B vitamin mixture 215-1 


19-8 207-3 
222-4 


Fumarate (100 p.p.m.) | 999.9 259-6 


Fumarate (100 p.p.m.)+B vitamin 
mixture* 


| 

| 262-8 | 4-73 


| 
| 


202-1 


* B vitamin mixture contained thiamine, riboflavin and nicotinic acid (100 p.p.m. each). 
+t Units expressed as in (5). 


in plant metabolism. Several amino acids such as glycine, serine, glutamic 
acid and aspartic acid are known to be good glucose formers; glutamic and 
aspartic acids readily funnel into the Krebs’ cycle by deamination. Hence, 
certain amino acids were studied for their influence on biosynthesis of 
ascorbic acid by seedlings. Effect of aspartate has been referred to earlier 
(Table IV) and was also studied by Mapson and Cruickshank!* on cress 
seedlings. Tryptophane was tried because of its established relationship to 
nicotinic acid.“ Glycine participates as precursor for formate!* and 
in porphyrin’ and nucleic acid synthesis..* Serine on deamination could 
form hydroxy pyruvic acid and on decarboxylation will yield ethanolamine. 
Tyrosine was included as a non-specific general type amino acid. The 
values for ascorbic acid (Table X) and nicotinic acid (Table XI to XIII) 
are presented separately. 


Considering the vitamin values on dry basis, the amino acids employed 
had a general accelerating effect on vitamin C formation, especially on the 
fourth day of germination. On the other hand, the responses to nicotinic 
acid synthesis were rather varied and were positive only in a few cases, 
namely, glutamic acid (500 p.p.m.) on the fourth day and serine (500 p.p.m.) 
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as well as ornithine (1000 p.p.m.) on the fifth day. Lower concentrations 
of amino acids generally gave better results than higher concentrations. 


The absence of any stimulatory effect due to tryptophane merited further 
study with lower concentrations of this amino acid; it was felt that this 
amino acid liberated free as a result of proteolysis during germination might 
have masked any effect due to further addition. In fact, low concentrations 
of tryptophane (Table XII) do exert a definite enhancing effect on nicotinic 
acid synthesis; fumarate which itself had a favourable effect (Table V) did 
not have much of an additive effect with tryptophane. This suggested 
the use of still lower concentrations of these two metabolites. From 
Table XIII, it may be seen that fumarate or tryptophane when used alone 
give higher values for nicotinic acid with increasing concentrations at earlier 
stages of germination; the effects are reversed at higher concentrations. 
When used together, they give lower values with increasing concentrations 
at all stages. With 100 p.p.m. of the two metabolites together, biogenesis 
of nicotinic acid is optimum; higher concentrations are evidently toxic. 


When derived metabolically, these precursors will be utilized as and when 
they are formed. 


EFFECTS OF CERTAIN B VITAMINS 


Thiamine, riboflavin, biotin and nicotinic acid were studied for any 
possible effects they may have on vitamin C synthesis. The values obtained 
with the vitamins (100 p.p.m. each) when used singly are given in Table XIV 
and in certain combinations in Table XV; the latter data refer to the fourth 
day of germination. 


In general, all the B vitamins tried here accelerated the formation of 
ascorbic acid during germination and especially up to five days. There was 
no appreciable effect on ascorbic acid formation as a result of treating the 
seeds with the B vitamins in combination, with the exception of thiamine 
and nicotinic acid. 


In the foregoing studies, stimulation of ascorbic acid formation was 
noted with certain metabolites, especially glucose, citrate, succinate and 
fumarate. The effects due to combinations of these with the B vitamin 
mixture consisting of thiamine, riboflavin and nicotinic acid (100 p.p.m. 
each) were studied and the values obtained for four days’ old seedlings are 
given in Table XVI. 


There was no appreciable additive effect due to metabolites (cf. Table 
XVI) and B vitamins.. The enhancement with fumarate addition was essen- 
tially due to the effect of fumarate as observed earlier. 
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TABLE XV 
Effects of B Vitamins in Certain Combinations 
Dehydro- Total acid 
Treatment* Ascorbic acid! ascorbic - ascorbic | oxidase 
acid acid |_—_activityt 
(mg. per 100 g.) 
Nil 161-9 11-0 | 172-9 2-52 
Thiamine 163-5 4-3 | 197-8 2-27 
Riboflavin 159-9 21-0 | 180-9 2-22 
Nicotinic acid 149-4 24-7 | 2-29 
Thiamine + Nicotinic acid 165-2 25-9 | 191-0 2-39 
Riboflavin + Nicotinic acid 163-0 20-8 | 183-8 2-87 
Thiamine+ Riboflavin + Nicotinic acid 172-3 9-6 181-9 2-38 


* Concentrations : 100 p.p.m. of each of the vitamins. 


+ Expressed as in (5). 


TABLE XVI 
Effects of Supplementation of Glucose or Its Intermediates with the B Vitamins 
| Ascorbi 
Dehydro- Total orbic 
Treatment* Ascorbic acid acid oxidase 
ascorbic acid | ascorbic acid activityt 
(mg. per 100 g.) 
Nil 172+1 22-2 194-3 3-86 
B vitamin mixture 198-0 20-1 218-1 3-74 
B vitamins + glucose 180-9 41-4 222-3 | 4°34 
B vitamins + glucose + phosphate 169-5 52-1 221-6 | 297 
B vitamins + citrate 195-4 12-7 208-1 3-66 
B vitamins + succinate 215-1 7+3 222-4 3-62 
B vitamins + fumarate 60-7 262-8 


202-1 | 
| 


* Concentrations : 


nicotinic acid, 100 p.p.m. each ; other salts, 100 p.p.m. eech. 


+ Expressed as in (5). 


glucose, 1%; B vitamins consisting of thiamine, riboflavin and 
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DISCUSSION 


Stimulation in ascorbic acid elaboration in plants by various cultural 
factors such as trace elements, fertilizers and sugars as well as environmental 
modifications such as germination in the dark and steeping in the cold have 
been observed and various hypotheses suggested as to the mode of synthesis 
of the vitamin. Observations such as those relating to the influence of 
manganese, magnesium, boron, copper, zinc, salts of potassium, nitrogen 
and phosphorus, light,-etc., are often divergent and it is not clear in which 
way these factors are involved in ascorbic acid synthesis. The influence of 
sugars is, however, established unequivocally. Thus, in germinating pulses, 
glucose and mannose act as precursors. Germination in the dark stimulates 
vitamin C formation, also on account of the increased amounts of reducing 
sugars resulting from enhanced amylolysis.. The present work carried out 
with intact seedlings as well as excised embryos confirms the precursorial 
role of glucose and mannose (p. 34). 


The favourable effect of phosphate suggests that phosphorylation may 
be involved during ascorbic acid formation by seedlings. It has since been 
ascertained that selective inhibition of phosphorylation reactions affects 
adversely the biogenesis of ascorbic acid (next paper). 


Glucose supplemented with factors like phosphate and B vitamins has 
enhanced stimulatory effect on the formation of ascorbic acid; the additions, 
therefore, influence glucose metabolism in such a way as would result in 
its utilization for ascorbic acid formation to a larger degree. 


Synthesis of ascorbic acid by chloretonized rats increases in presence 
of three-carbon compounds like glyceraldehyde and dihydroxy acetone.®° 
Enhanced ascorbic acid formation in cress seedlings when treated with sodium 
and potassium salts of acetic, succinic, malic and aspartic acids has also 
been reported.'* Working with germinating miing seedlings, it is observed 
that some of the Krebs’ intermediates, particularly, fumarate and succinate, 
increase ascorbic acid elaboration. A stimulation in ascorbic acid forma- 
tion by any substance would suggest that the substance acts as a precursor 
or as component or activator of the mechanism of conversion of the pre- 
cursor into the product or it may act as-an inhibitor of destructive mecha- 
nism. Considering the metabolic importance of the Krebs’ intermediates 
in normal tissue metabolism, their role would seem to be as precursors rather 
than as activators of biosynthetic processes or as protective agents. It may, 
therefore, be stated that hexose transformation to vitamin C proceeds via 
these intermediates which in themselves initiate these reactions. Studies with 
selective inhibitors reported in the next paper also support this view. 
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It is interesting to note the close parallelism between the elaboration 
of ascorbic and nicotinic acids under a variety of experimental conditions. 
A similar observation, in a limited way, had also been reported earlier.® 
The role of pyridinoprotein enzymes in dehydrogenation mechanisms asso- 
ciated with metabolism of sugars and Krebs’ intermediates suggests that a 
supply of the latter necessitates the formation of these enzymes for speeding 
up their metabolic disposal. 


Treatment of seeds during soaking with certain amino acids, namely, 
serine, tryptophane, tyrosine, glycine and aspartic acid accelerates ascorbic 
acid formation during germination. These amino acids cannot obviously 
act as direct precursors. Their influence can only be indirect. Thus, some 
of the amino acids may be acting as precursors after conversion into the 
corresponding keto acids by deamination. Certain amino acids are glucose 
formers, some may also be taken up in building up the apoenzyme portions 
of the enzyme systems concerned in the formation of ascorbic acid. Another 
possibility is that amino acids may act as precursors of the coenzyme 
moieties of these enzyme systems; such a relation is established between 
tryptophane and nicotinic acid.“ Thus, the effect of tryptophane in 
appropriate concentrations may be through enhanced formation of nicotinic 
acid which may be concerned more directly in the biosynthetic processes 
leading to ascorbic acid. 


The B group of vitamins are generally known to take part in carbo- 
hydrate metabolism. Thiamine as cocarboxylase, nicotinic acid as a compo- 
nent of DPN and TPN which are codehydrogenases and riboflavin as flavin- 
adenine dinucleotide concerned in oxygen transfer processes are all necessary 
in glucose oxidation. Biotin is concerned in the conversion of pyruvic to 
oxalacetic acid through carbon dioxide fixation. Pantothenic acid functions 
in the formation of citric acid from acetate and oxalacetate. The stimula- 
tion by B vitamins in ascorbic acid formation is therefore possibly ascribable 
to their involvement in the oxidative breakdown of glucose prior to vitamin 
C synthesis. It is known that lack of B vitamins in experimental diets 
decreases vitamin C concentrations in the lens of rats.“ Deficiency of ribo- 
flavin and thiamine results in reduced storage of ascorbic acid in various 
tissues and endocrines** as also in the livers of mice.?* Further proof that 
vitamin C biosynthesis is preceded by glucose oxidation to smaller fragments 
is presented in the next communication. ; 


SUMMARY 


(1) Further observations on the effects of certain cultural and environ- 
mental factors on biosynthesis of ascorbic acid in germinating seeds of miing 
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(Phaseolus radiatus) are reported. Seed embryos separated from the 
reserve food store in cotyledons and grown on a semi-solid nutrient medium 
have been employed in some of these studies. Concomitant changes in 
nicotinic acid have been also followed. 


(2) In confirmation of earlier work, hexoses, particularly, glucose and 
mannose, have a pronounced enhancing effect on ascorbic~acid formation. 


(3) Certain intermediates of carbohydrate metabolism such as citrate, 
succinate, fumarate and malate, induce increased synthesis of vitamin C ; 
the effects of succinate and fumarate are noteworthy. 


(4) Thiamine, riboflavin, nicotinic acid and biotin stimulate ascorbic 
acid elaboration. 


(5) Accelerating effects are also noted with tryptophane, tyrosine, serine 
and glycine. 


(6) A parallelism between the biogeneses of ascorbic and nicotinic acids, 
under various cultural treatments is observed. 


(7) The possible implications of these observations have been discussed 
indicating probable involvement of hexose intermediates in ascorbic acid 
synthesis. 
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BIOSYNTHESIS OF VITAMIN C DURING 
GERMINATION 


IV. Effects of Mitotoxic Agents and Certain Enzyme Inhibitors 
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(Department of Chemical Technology, University of Bombay) 
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THE possible involvement of certain precursors in the biosynthesis of vita- 
min C has been indicated in earlier reports.1:* * Sugars such as glucose, 
fructose, mannose and sucrose have been suggested as precursors. by other 
workers as well.-? Apparently unrelated with these findings was the 
observation of King etal.*:® that various chemicals such as terpene-like 
cyclic ketones, chloretone, chloral hydrate and certain barbiturates induced 
increased urinary excretion of ascorbic acid in experimental rats. These 
workers further observed a correlation between the metabolism of d-glu- 
curonic and ascorbic acids, thus suggesting that stimulation in vitamin C 
synthesis is interlinked with detoxification mechanisms. In a later report 
it was shown?® that the accelerated vitamin C synthesis did not proceed 
via utilization of the stimulating compound, methyl labelled chloretone, 
as precursor. It would seem therefore that the effect of the nerve-depressant 
may be upon the enzyme systems which control glucose oxidation. 
Ganapathi" has suggested a mechanism by which ascorbic and glucuronic 
acids may be formed from two 3-carbon units. Adequate thiamine nutri- 
tion has been shown to be a prerequisite to chloretone stimulation of ascorbic 
acid synthesis in rats.!? 


It was therefore of interest to study the effects of mitotoxic agents such 
as chloretone and coumarin!*4.% on ascorbic acid formation during germina- 
tion and in presence of the precursors! which in themselves had stimula- 
tory effects. That the Krebs’ intermediates were involved in the transforma- 
tion of the sugars into ascorbic acid® was further ascertained from use of 
certain enzyme inhibitors. 


EXPERIMENTAL 


The procedures followed for seed germination and pretreatments 
employed as well as for vitamin determinations were as described before.® 
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Effects of Mitotoxic Agents 


Some of the results obtained using different concentrations of urethane, 
chloretone, barbitone and coumarin are presented in Tables I and II. In 
preliminary experiments it was observed that in these concentrations there 
was no marked effect on growth except a slight thickening of radicles with 
coumarin-treated seedlings. Higher concentrations resulted in stunted 
growth. 


TABLE I 
Effects of Urethane, Chloretone and Coumarin 


Ascorbic acid content (mgm. per cent.) 


Day of germination 
Treatment 


3rd 4th 5th 


‘st 2nd 


Nil oe 84-6 123-7 134-0 152-9 185-6 


Urethane (100 p.p.m.) | 89-2 123-7 148-2 170-5 178-6 
Urethane (10 p.p.m.) --| 93-6 121-1 151-5 158-8 183-3 


Chloretone (100 p.p.m.) | 98-6 116-8 146-4 167-6 194-9 


Chloretone (10 p.p.m.) -- | 98-6 116-0 146-0 161-7 191-6 
Coumarin (100 p.p.m.) | 100-5 118-6 146-6 158-8 192-6 
Coumarin (10 p.p.m.) -- 104-8 116-8 148-2 154-4 187-5 


It may be seen that on the whole all the substances used had a stimula- 
tory effect on ascorbic acid formation at some stage or other during germina- 
tion. The best concentration and the stage of growth when stimulatory 
effect was observable varied with the mitotoxic agents. However, after 
five days’ germination, all treated samples had higher vitamin values as 
compared to control except in the case of barbitone where it was equal to 
it. Lower concentrations of chloretone and coumarin had better effect 
than the respective higher concentrations. 


Effects of Supplementation of Glucose and B Vitamins to Chloretone and 
Coumarin 


Treatments were given as usual. Growth of seedlings was good in all 
samples. Coumarin treated seedlings had a slightly retarded growth with 
somewhat thickened radicles. Aliquots were taken simultaneously from 
the same lot for ascorbic acid and nicotinic acid determinations (Tables III 
and IV respectively). Vitamin estimations were carried out on the third, 


fourth and fifth days of germination, 
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As with ascorbic acid, the influence individually of chloretone, cou- 
marin, glucose and B vitamins was beneficial for nicotinic acid formation 
during germination. Glucose with chloretone as well as with coumarin 
induced higher stimulation after five days. Treatment with B vitamins 
along with chloretone and glucose had no additional effect while that with 
coumarin and glucose showed definite enhancement. 


Since mitotoxic agents cannot obviously act as precursors of vitamin 
C’° their effect could only be through stimulation at some phase of glucose 
metabolism which directly funnels into the biosynthetic mechanism for 
ascorbic acid. The following studies were undertaken to elicit further 
information through use of specific enzyme inhibitors whose effect if any 
would indicate whether a certain metabolite constitutes an essential inter- 
mediate step or not. 


Effects of Certain Enzyme Inhibitors 


Although tracer work’ has shown that glucose carbon chain occurs 
as such in the ascorbic acid synthesized from it by the rat, the possibility 
is not precluded that vitamin C is actually derived from the products of 
metabolic breakdown of glucose!* followed by resynthesis of simpler carbon 
units. Study of the effects of some of these intermediates has in fact 
revealed a contribution by some at least to ascorbic acid formation*® in 

miing seedlings. 


Effects of cyanide, 2:4 dinitrophenol, azide and iodoacetate 


The substances selected are all inhibitors of enzymes concerned in carbo- 
hydrate breakdown. Cyanide is a general enzyme inhibitor but particularly 
inhibits cytochrome oxidase. Dinitrophenol and azide inhibit phospho- 
rylation which precedes glucose breakdown as well as of several of its inter- 
mediates. lodoacetate inhibits glycolysis. The concentrations studied 
(Table V) were chosen after preliminary experiments; higher concentrations, 
particularly of dinitrophenol, azide and iodoacetate affected growth. To 
accentuate the effects of inhibitors, they were studied in presence of glucose 
(1%), B vitamins (thiamine, riboflavin and nicotinic acid, 100 p.p.m. each) 
and phosphate (100 p.p.m.). Ascorbic acid determinations were carried 
out after four days’ germination (Table V). 


Except iodoacetate which could not be employed at higher concentra- 
tions on account of toxic effects, the other additions had definite inhibitory 
effects, 
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TABLE V 
Effects of Cyanide, 2:4 Dinitrophenol, Azide and lodoacetate 


Ascorbic acid Per cent. 
Treatment* ( ; variation from 
control 


Glucose + B vitamins + phosphate (control) 


Glucose + B vitamins + phosphate + cyanide (250 p.p.m.) 


Glucose + B vitamins + phosphate + cyanide (100 p.p.m.) 


Glucose + B vitamins + phosphate + dinitrophenol (45 p.p.m.) 
Glucose + B vitamins + phosphate + azide (50 p.p.m.) 
Glucose + B vitamins + phosphate + azide (25 p.p.m.) 


Glucose + B vitamins + phosphate + iodoacetate (10 p.p.m.) “| | 


Concentrations. —Glucose, 1%; B vitamins contained thiamine, riboflavin and nicotinic 
acid, 100 p.p.m. each ; phosphate, 100 p.p.m. 


Effects of enzyme inhibitors on germinating excised embryos 


The experiment was similar to the above but excised embryos were 
grown by the earlier technique.* Treatment with fluoride, another inhibitor 
of glycolysis, was included. Samples were taken after germination for four 
days. Growth of embryos was slightly retarded with fluoride, azide and 
iodoacetate treatments. 


TABLE VI 


Effects of Cyanide, 2:4 Dinitrophenol, Azide, Iodoacetate and Fluoride on 
Excised Embryos 


| Ascorbic acid Per cent. 


Treatment* (mgm. | Variation from 
| per cent.) | control 


Glucose + phosphate (control) 

Glucose + phosphate + cyanide (50 p.p.m.) 
Glucose + phosphate + dinitrophenol (10 p.p.m.) 
Glucose + phosphate + azide (5 p.p.m.) 

Glucose + phosphate + iodoacetate (1 p.p.m.) 
Glucose + phosphate + fluoride (10 p.p.m.) 


* Concentrations.—Glucose, 3%; phosphate, 0-5%. 

Much lower concentrations of the inhibitors had to be used for satisfactory growth than 
in the preceding experiments with intact seedlings (Table V) and hence, probably, the effects 
though definite were less pronounced. 
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Effects of malonate and calcium*+ 


It was reported*® that of the Krebs’ intermediates, fumarate and suc- 
cinate in particular, had a pronounced stimulatory effect on ascorbic acid 
formation during germination. It was of interest to study the effects of 
malonate, which inhibits competitively the catalytic action of the enzyme 
succinic dehydrogenase’ and of calcium ion which is known to activate 
it.1* 

Influence of malonate and calcium ion on stimulation of ascorbic acid 
formation due to succinate was studied by soaking the seeds as usual in 
different solutions of the substances singly and in combinations (Table VII). 
Two concentrations of malonate were tried; one equimolar to that of suc- 
cinate and the other half of it (90 and 45 p.p.m. respectively of malonate 
against 100 p.p.m. of succinate). Samples for vitamin determination were 
taken on the fourth day. 

TABLE VII 


Effects of Malonate and of Calcium**+ (as Calcium Chloride) together 
with Succinate 


Treatment 


Nil 


Succinate (100 p.p.m.) 


Malonate (45 p.p.m.) 

Malonate (90 p.p.m.) 

Succinate + malonate (45 p.p.m.) 
Succinate + malonate (90 p.p.m.) 
Calcium chloride (50 p.p.m.) 


Succinate + calcium chloride (50 p.p.m.) 


Treatments with malonate or calcium chloride did not result in appreci- 
able effect on ascorbic acid formation. In view of this and the observation 
of Laties® that inhibition due to malonate is more effective at acid pH, a 
different method of treatment was tried. 


The seeds after overnight soaking in distilled water (10g. in 50c.c. 
per sample) were allowed to germinate in separate dishes, serving water when 
required. After three days when rapid ascorbic acid formation commences, 
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succinate solution (100 p.p.m.) enough to soak the wads (45 c.c.) was served 
to samples 3, 6, 7 and 9 (Table VIII) and water was served to the rest. On 
the fourth day, malonate solutions in two concentrations adjusted at pH 
4-5 were served; that of 45 p.p.m. to samples 4 and 6 and that of 90 p.p.m. 
to samples 5 and 7 (45c.c. in each case). A control for pH was also kept 
(sample 2). Calcium chloride solution was served to samples 8 and 9. 
After a further day’s germination, vitamin contents of all samples were 
determined. 
TABLE VIII 


Effects of Malonate (at Low pH) and of Calcium Chloride together 
with Succinate 


Day of germination Treatment 
4th Sth (on 5th day) 
Sample. 
1 Nil 167-9 170-8 
2 pH control . 177-0 + 3-63 
3 Succinate control (100 p.p.m.) +. 178-0 214-2 +254 
4 Malonate (45 p.p.m.) oe 149-6 ~12-4 
5 Malonate (90 p.p.m.) oo 142-8 -16-4 
6 Succinate + malonate (45 p.p.m.) . 167-3 — 2-05 
7 Succinate + malonate (90 p.p.m.) se 188-4 +10-3 
8 Calcium chloride (50 p.p.m.) 198-6 +16-28 
9 Calcium chloride + succinate 199-0 +16-5 


The effect of malonate treatment was evident at the low pH employed 
here. It depressed ascorbic acid formation, in succinate-treated and control 
samples. Calcium ion had some stimulatory effect, which was not accele- 
rated in presence of succinate. 


Effects of malonate and of calcium** on excised embryos 


The embryos were excised as usual and allowed to grow on the semi- 
solid nutrient medium containing different substances (Table IX). It was 
not possible to have a pH of 4-5 found necessary to observe malonate inhibi- 
tion with intact seedlings on account of difficulty in obtaining a well set 
gel-medium. However, by use of malonic acid instead of its salt, a slight 
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TABLE IX 
Effects of Malonate and of Calcium*++ Together with Succinate on Embryos 


Ascorbic acid| Per cent. 
Treatment (mgm. variation from 
per cent.) control 

Nil * 142-6 
Succinate control (0-5%) 168-6 +18-23 
Malonate control (0+25%) 136-2 — 4°49 
Succinate + malonate 145-3 + 1-85 
Calcium chloride (0-25 %) 140-3 - 16 
Succinate + calcium chloride 1%6-0 + 23-42 


lowering of the pH below neutral was achieved. Samples for vitamin esti- 
mation were taken after four days’ germination. 


Treatment with calcium chloride alone had no effect but it activated 
the stimulatory effect of succinate. Although malonate control showed 
only slight inhibition as compared to normal control, it reversed the enhance- 
ment due to succinate. The effect of malonate may be expected to be more 
pronounced at still lower pH. 


‘ Changes in Phosphatase and Pyrophosphatase Activities 


On the basis of experimental results presented in the foregoing pages, 
it would seem that in the biogenesis of ascorbic acid from glucose, the latter 
may be degraded into smaller fragments which by further synthetic steps 
would lead to the formation of ascorbic acid. The observed changes in 
vitamin C as a result of cultural additions or environmental alterations and 
the parallel increases in nicotinic acid also suggested that the latter may be 
involved as its co-enzyme in some of the reactions concerned with ascorbic 
acid elaboration. Inhibition studies on phosphorylation also pointed to 
the conclusion that one of the ways in which energy was supplied to the 
endergonic reaction of vitamin C elaboration may be phosphorylation. 
Further proof of phosphorylation as an intermediate step in vitamin C bio- 
genesis was ascertained from the following studies on phosphatase (acid) 
and pyrophosphatase activities; alkaline phosphatase was absent. 


10-11 g. of miing seeds were soaked separately in 50 c.c. of (i) distilled 
water, (ii) fumarate solution (100 p.p.m.), (iii) solution of fumarate (100 
p.p.m.) and atabrine (150 p.p.m.), (iv) 2: 4 dinitrophenol solution (50 p.p.m.), 
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Dinitrophenol and atabrine are inhibitors of phosphorylation mecha- 
nisms.” 21,22 After four days’ germination, 0-5g. of seedlings were 
crushed with 5c.c. of acetate buffer (pH 5-4) in a glass mortar and trans- 
ferred to a 100c.c. flat-buttom flask. Phosphatase and pyrophosphatase 
activities were studied in these extracts according to the methods of 
Sadasivan?* using 10% solution of sodium §-glycerophosphate and 5% solu- 
tion of sodium pyrophosphate respectively. Colour for phosphate was 
developed according to Koch™ and using the Fiske-Subbarow reagent,™ 
a Klett-Summerson photo-electric colorimeter with filter 66 being employed 
for colour measurements. 


Additional determinations for nicotinic acid were also carried out in 
the same sample (Table X). 


As a result of germination, phosphatase and pyrophosphatase activities 
increased to a great extent. There was a slight favourable effect of fumarate 
on phosphatase activity. Atabrine had little or no influence while dinitro- 
phenol had appreciable depressing effect on phosphatase activity compared 
to control. Fumarate enhanced pyrophosphatase activity to a considerable 
extent. Both dinitrophenol as well as higher concentration of atabrine had 


a marked depressing effect on pyrophosphatase activity as compared to 
control. 


Further data on the effects of fumarate and/or chloretone with and 
without the phosphorylation inhibitors, atabrine and 2:4 dinitrophenol, 


are given in Table XI for pyrophosphatase activity only. Results are for 
five days’ seedlings. 


Fumarate as well as chloreténe stimulated pyrophosphatase activity 
and atabrine depressed it; the inhibition due to the latter was not observable 
when fumarate and chloretone were used together. However, the inhibition 
due to dinitrophenol was practically not influenced by fumarate or chloretone 
when its concentration was 50p.p.m. At a lower concentration results 
similar to those with atabrine were obtained (Table XII) for five days’ seed- 
lings. 


The stimulation in ascorbic acid and nicotinic acid biogeneses due to 
succinate and fumarate and the inhibition due to malonate reported earlier,? 
(also cf. Table VIII) were further studied with respect to phosphatase and 
pyrophosphatase activities and nicotinic acid synthesis (Table XIII). Values 
are for four days’ seedlings. 
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Effects of Fumarate, Chloretone and Inhibitors on Pyrophosphatase Activity 


Fresh basis Dry basis 
Treatment i 
per 100 g. | per 100 g. 
activity expressed as g. of P 
Nil 0-488 0-141 5-603 1-615 
Fumarate (100 p.p.m.) 0-811 | 0-214 | 10-130 | 2-676 
Chloretone (500 p.p.m.) 0-666 | 0-186 | 7-750 | 2-156 
Fumarate + chloretone 0-832 | 0-321 | 10-140 2-819 
Atabrine (150 p.p.m.) 0-264 0-063 2-869 0-682 
Fumarate + atabrine 0-396 0-113 4-356 1-235 
Chloretone + atabrine 0-354 0-082 3-978 0-928 
Fumarate + chloretone + atabrine 0-540 0-140 6-208 1-601 
Dinitrophenol (50 p.p.m.) 0-408 0-109 4-080 1-090 
Fumarate + dinitrophenol 0-377 0-100 3-919 1-040 
Chloretone + dinitrophenol 0-316 0-077 3-225 0-777 
Fumarate + chloretone + dinitrophenol 0-445 0-117 4-542 1-200 
TABLE XII 
Effects of Fumarate, Chloretone and 2:4 Dinitrophenol on Pyrophosphatase 
Activity 
Fresh basis Dry basis 
Treatment 
per 100g. per 100 g. 
Pyrophosphatase activity expressed as g. of P 
Nil 0-616 0-166 6-046 1-631 
Fumarate (100 p.p.m.) 1-059 | 0-260 | 10-524 | 2-580 
Chloretone (500 p.p.m.) 0-609 0-134 6-143 1-351 
Fumarate + chloretone 1-083 0-284 | 10-939 2-859 
Dimitrophenol (20 p.p.m.) 0-652 | 0-127 | 5-720 | 1-111 
Fumarate + dinitrophenol 0-698 0-168 6-591 1-584 
Chloretone + dinitrophenol “7 0-672 0-143 6-106 1-300 
Fumarate + chloretone + dinitrophenol @ 0-824 | 0-199 | 7-546 | 1-822 
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As may be expected fumarate or succinate stimulated biogenesis of 
nicotinic acid as well as phosphatase and pyrophosphatase activities. 
Malonate showed some inhibition both by itself and in presence of fumarate 
or succinate. The results were similar to those obtained with ascorbic 
acid (Table VIII). 


DISCUSSION 


That hexoses act as primary precursors in the biogenesis of ascorbic 
acid has been confirmed’ * working with both intact seedlings and excised 
embryos of miing. It would seem that this conversion might be taking place 
via compounds having smaller carbon chains although admittedly, the fact 
that short chain compounds stimulate ascorbic acid formation cannot alone 
lead conclusively to this view. 


The investigations of King and co-workers with chloretonized rats 
probably provide the first indications of a biosynthetic mechanism. Treat- 
ment with chloretone stimulated ascorbic acid formation in vivo along with 
glucuronic acid in rats.** From these data*.*.1¢26 Ganapathi" has suggested 
that ascorbic and glucuronic acids may be formed from two 3-carbon units 
by aldol condensation similar to that in the formation of fructose and sorbose 
from two molecules of glyceraldehyde, the two 3-carbon units in this case 
being glyceraldehyde and hydroxy puruvic acid or their tautomeric forms; 
the reactions can proceed in two directions vielding in one case ascorbic 
acid and in the other glucuronic acid. 


In a recent communication’® King and co-workers reported the results 
of experiments with labelled glucose. C™ glucose labelled uniformly in 
all the six positions was used for in vivo study with chloretonized rats. Partial 
degradation of the biosynthetic ascorbic acid and the measurement of radio- 
activity at all the positions indicated that conversion of glucose to ascorbic 
acid proceeded without appreciable differential dilution of radio activity 
in positions 1 and 2 as compared to the remaining carbon atoms of the mole- 
cule. Distribution of radio activity in the six carbon atoms of the bio- 
synthetic ascorbic acid was essentially identical with that in the initial glucose 
molecule. It was therefore suggested that the carbon chain of glucose may 
not be broken before being converted to ascorbic acid; however, the possi- 
bility of recombination of the fragments without a major dilution effect 
could not be ruled out and would seem the probable route from King’s 
own earlier observations on the stimulatory effects of glyceraldehyde and 
pyruvate in in vitro studies with liver slices of chloretone-treated rats!* and 
from the data obtained by the present authors. 
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Furthermore, the depression in ascorbic acid production during germina- 
tion by certain inhibitors of enzymes concerned in the Krebs’ oxidative 
cycle also lends support to this view. The inhibitors for glycolysis, such 
as fluoride, depressed the formation of ascorbic acid indicating that break- 
down of glucose into smaller fragments is a prerequisite to the subsequent 
endergonic step of ascorbic acid formation. The depressing effects on 
ascorbic acid synthesis of selective inhibitors of phosphorylation such as 
azide, 2: 4 dinitrophenol and atabrine indicate that phosphorylation of inter- 
mediates is a necessary link in ascorbic acid elaboration. This is further 
supported from the concomitant changes observed in phosphatase and pyro- 
phosphatase activities. A more specific demonstration of the involvement 
of at least one of the Krebs’ intermediates in ascorbic acid genesis is the 
depressing effect of malonate. 


Chloretone stimulates ascorbic acid production in animal tissues'* and 
its action is indirect.1° It is now shown that this as well as other cytotoxic 
agents like coumarin and urethane in appropriate concentrations stimulate 
ascorbic acid production by germinating seeds as well. Supplementation 
of glucose and B vitamins enhances this effect. 


The effects of these substances may only be stimulatory, the mechanism 
being unknown. It has been reported that nerve depressants affect the 
enzyme systems concerned with oxidation of glucose in animal tissues.?’ 
A similar effect may be inferred in plant tissues as well. If, for instance, 
fumarate or pyruvate or any defined intermediate in glucose oxidation is 
involved in ascorbic acid elaboration, it seems possible that the mitotoxic 
agent inhibits oxidation in the Krebs’ cycle at this point and thus helps to 
shunt the metabolism of this intermediate away from its normal pathway 
and towards steps leading to formation of ascorbic acid. 


The parallelism between ascorbic acid and nicotinic acid changes 
reported earlier'* is again observable in the foregoing studies with mito- 
toxic agents as well as selective inhibitors. A direct approach to the elucida- 
tion of these relationships through spectrophotometric determinations of 
diphosphopyridine nucleotide (DPN) and triphosphopyridine nucleotide 
(TPN) is currently in progress in this laboratory. 


SUMMARY 


(1) Further studies on the changes in ascorbic acid elaboration by 
germinating miing with various cultural additions have been carried out with 
a view to elucidate the postulated role of intermediaries of glucose meta- 
bolism. 
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(2) Selective inhibitors of certain enzymes concerned in glucose break- 
down and in phosphorylation, such as azide, fluoride and 2: 4 dinitrophenol 
adversely affect ascorbic acid formation. 


(3) Malonate, a competitive inhibitor of succinic dehydrogenase, de- 
presses ascorbic acid elaboration. Involvement of fumarate in reactions 
leading to synthesis of ascorbic acid is thus inferable. 


(4) In proper concentrations, certain mitotoxic agents like chloretone, 
urethane and coumarin favour synthesis of ascorbic acid. 


(5) Phosphorylation inhibitors such as atabrine and 2:4 dinitrophenol 
adversely affect phosphatase and, more particularly, pyrophosphatase activi- 
ties which are stimulated by fumarate or succinate and by mitotoxic agents 
like chloretone in suitable concentrations. Phosphorylation of intermediates 
seems therefore a necessary step in ascorbic acid elaboration. 


(6) In general, changes in nicotinic acid are parallel to those in ascorbic 
acid. 

(7) The related observations have been discussed and it is concluded 
that metabolic breakdown of glucose is a probable prerequisite to its trans- 
formation into ascorbic acid. 
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INTRODUCTION 


YEAST could be cultured in liquid or solid media. It was shown in a series 
of contributions (Subramaniam and Ranganathan, 1946; Subramaniam, 
1947; 1948a; 19486; Ranganathan and Subramaniam, 1948) that the 
cytological picture changes with the physiological condition of the organism. 
Fermenting cells were shown to become endopolyploid. All the above 
investigations were confined to cultures grown in liquid media. Workers 
in yeast cytology appear to have made indiscriminate use of cultures of 
different ages grown on different media for investigations, under the assump- 
tion that uniform cytological behaviour would be exhibited by the organism 
irrespective of the cultural conditions. When one considers the fact that 
the cytological picture varied with the physiological and cultural condition 
of the organism, it will be apparent that much of the confusion in the litera- 
ture is due to the above wrong assumption. 


Nagel (1946) uses shaken and unshaken broth cultures of varying ages, 
material from young and old agar slants and even samples from giant colonies. 
It is too much to expect that the cytological behaviour of yeast should be 
identical whatever be the physiological condition of the cultures. The 
rational method of approach is to investigate the nuclear behaviour under 
each specific cultural condition. If the biochemical behaviour of ferment- 
ing yeast cells is entirely different from that during aerobic proliferation 
(Menzinsky, 1950), one fails to understand how reproducible results could 
be expected if either of these cultures is used indiscriminately for cytological 
investigations. 

Winge (1935) claimed that Laustsen had developed a method for stain- 
ing the nucleus of yeasts by the Feulgen technique. He stated in that paper 
that “ the finer cytological details, concerning in particular the chromosomes 
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will be dealt with in subsequent reports” (p. 104). In 1948, Winge and 
Roberts make the following statement: ‘The experiments of the senior 
author in searching for the very difficultly observable chromosomes in yeasts 
have not led to a resumption of cytological investigations ” (p. 311). Again 
in 1950 they assert that technical difficulties should have prevented the chromo- 
somes in yeasts being counted satisfactorily (p. 79). In a recent paper, 
Winge (1951) while suggesting that our demonstration of two chromosomes 
in a brewery yeast is already anticipated by Badian in 1934 brings out the 
oft-repeated criticism of Badian’s work that the chromosomes seen both in 
the haploid and diploid cells are identical in number. Ranganathan and 
Subramaniam (1948) discussed Badian’s work. They state that the serious 
objection voiced against Badian’s description and figures is capable of an 
easy explanation if one considers the chromosomes to be acrocentric. They 
invite attention to a similar state of affairs recorded in protozoa by Hall 
and others (Sharp, 1934). The omission by Winge (1951) of any reference 
to studies IIJ, IV and V from this laboratory is rather significant. To him 
the whole field of yeast cytology appears dubious and hence he does not feel 
justified in coming to any conclusion either from his preparations or from 
those of others. It is interesting to note in this connection that Winge 
mentions only that the material for his investigations was from vegetatively 
growing cells in liquid culture. No mention is made of the age of the 
culture used for the study. One is rather surprised that the importance of 
the age of the material used should have been so completely ignored. Failure 
to assess the significance of the dependence of the cytological pictures on 
the age of the culture—not to mention the importance of the state of aero- 
or anaerobiosis prevalent during growth—has instead of clearing the con- 
fusion only led him to discard the published observations of other workers. 


A CRITIQUE OF SOME RECENT PUBLICATIONS 


In a recent paper Lindegren and Rafalko (1950) reaffirm Lindegren’s 
(1945) original identification of the vacuole in yeasts as the nucleus. They 
claim that the chromosomes in the vacuole could be demonstrated by the 
Feulgen method modified by Rafalko (1946). Nagel (1946) working in 
Lindegren’s laboratory, arrives at a different conclusion. ‘* The ‘ magnicorp’ 
(vacuole or nuclear vacuole of most authors) is Feulgen negative ” (p. 271). 
Lindegren and Rafalko comment that Guilliermond’s original wrong identi- 
fication of a particular structure as the yeast nucleus, is responsible for much 
of the confusion in yeast cytology. The same remark could be made regard- 
ing Lindegren’s (1945) identification of the vacuole in the yeast cell as the 
nucleus (Subramaniam, 1952), 
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Nagel (1946) uses the terms ‘ parvicorp’ and ‘ magnicorp’ to denote 
the bodies identified as the nucleus by Guilliermond and the vacuole claimed 
to represent the nucleus by Lindegren respectively. The literature is already 
cluttered with superfluous terminology. Nagel coined the terms ‘ parvicorp ” 
and ‘ magnicorp ’ which had no previous connotations, purely for descriptive 
purposes and regarded them as “ independent of interpretations of nuclear 
organisation in yeast’ (p. 254). These terms are also superfluous because 
the ‘ parvicorp ’ alone is Feulgen positive and is said to show conventional 
configurations during the supposed prophase of meiosis. During spore 
formation the ‘ magnicorp’ is invisible and in Plate 17, Fig. 195, she illus- 
trates a curious stage. “ Several instances were observed in which the four 
spores were formed from the protoplasm at one end of a large cell. The 
other end was occupied by a body which resembled the magnicorp of other 
cells on the slide although no proof of its actual identity therewith was 
ascertained. A cell of this kind from a Giemsa-stained slide is illustrated 
in Plate 17, Fig. 195. Generally the magnicorp was not visible in the living 
cells during the process of sporulation ” (p. 263). Logically the * parvicorp ” 
which is said to take an active part during spore formation has to be identified 
as the nucleus. Since the ‘ magnicorp ’ is either invisible or when rarely seen 
does not get included in the spores, the terms ‘ parvicorp’ and ‘ magnicorp ’ 
do not serve any purpose. 


Nagel’s hesitation to identify definitely the parvicorp as the nucleus, 
seems to be due to Lindegren’s claim (1945) that the vacuole is the yeast 
nucleus and that it is Feulgen negative. Since Lindegren now claims 
(Lindegren and Rafalko, 1950) that the yeast nucleus is Feulgen positive, the 
‘ parvicorp ’ of Nagel has to be identified as the nucleus of yeast. It is curious 
that while the Feulgen positive parvicorp does not show mitotic stages it is 
supposed to show ‘ meiosis’! If there is no mitosis, one fails to understand 
why there should be meiosis. The claim for meiosis is not based on cytological 
evidence. It is supposed to exist because regular Mendelian segregation has 
been demonstrated in yeasts by Winge and Lindegren. 


These contradictory conclusions from the same laboratory are ignored 
by Lindegren and Rafalko. Still they (Lindegren and Rafalko, 1950) claim 
that Ranganathan and Subramaniam “ mistook the centrosomes and de- 
scribed ‘ mitosis’ of the centrosomes probably because they consistently used 
Carnoy’s fixation”. In making this statement they have completely ignored 
the criteria and definitions on which the chromosomes in yeasts were identified 
by Subramaniam (1948 a). That the chromosomes of yeasts give a positive 
Feulgen reaction was shown by Subramaniam and Ranganathan as far back 
as 1946. The interpretation by Lindegren and Rafalko of our results ignores 
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the elaborate discussions on methods of staining the chromosomes of yeasts 
by diverse techniques (Subramaniam, 1948 a) and as such does not conform 
to the published facts. Lindegren and Rafalko (1950) claim that the centro- 
some is Feulgen positive without offering any evidence for such a claim. 
Nagel (1946) remarks that the centriole is not usually Feulgen positive 
(p. 266). When that is the case Lindegren and Rafalko ought to have 
offered a logical explanation as to why the centrosome in yeasts alone are 
Feulgen positive. 
DIPLOIDY AND ENDOPOLYPLOIDY 


Our method of approach has been entirely different. During aerobic 
proliferation, the nucleus of yeasts divides mitotically. Our control strain 
has two chromosomes, and the various phases could easily be traced. 
Pl. IV, Photo 1 shows many cells at an early metaphase condition. The 
fixation is with Carnoy’s fluid and the staining with iron-hematoxylin. It 
is immaterial whether the preparations are stained by the above technique 
or with Feulgen’s leuco-basic fuchsin after fixation in osmic vapour (Subra- 
maniam, 1948 a). On the other hand, if a five-day old fermenting culture 
is stimulated to divide by the addition of fresh wort (Subramaniam, 1948 b) 
and stained by the Feulgen method, the picture is entirely different (Pl. IV, 
Photo 2 and Pl. V, Photo 3, cf., illustrations of Subramaniam, 1948 5). The 
cells show an ascending grade of polyploidy. At a, in P!. IV, Photo 2, a 
diploid anaphase could be made out. As mentioned by Subramaniam 
(1948 b), fermenting cultures show a very small percentage of cells retaining 
their diploid condition. The anaphase seen at a, in Pl. IV, Photo 2, is 
crucial evidence that the mode of division of the diploid cells is the same 
irrespective of whether they occur in aerobic or anaerobic cultures (Subra- 
maniam and Ranganathan, 1946). If attention had been confined to fermenting 
cells alone, the cytological pictures observed in Pl. IV, Photo 2 and Pl. V, 
Photo 3 should be rather confusing. If two investigators had confined their 
attention, one to the purely aerobic culture (Pl. [V, Photo 1) and the other 
to the anaerobic fermenting one (Pl. IV, Photo 2 and Pl. V, Photo 3), their 
results have necessarily to be contradictory. The cells shown at 5, in Pl. V, 
Photo 3 cannot be compared with those shown at a in Pl. [V, Photo 2. The 
only logical interpretation for the ascending grade of complexity in the cells 
seen in Pl. IV, Photo 2 and Pl. V, Photo 3 is that the cells become endopoly- 
ploid during fermentation. Fermenting cells have been compared to secre- 
tory cells by Guilliermond (1920) and the occurrence of endopolyploidy in 
fermenting cultures is nothing surprising. Lindegren and Rafalko appear 
to have confused polyploidy with endopolyploidy. These are entirely 
different phenomena. Cells of our diploid and tetraploid strains become 
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endopolyploid during fermentation confirming the belief that these two 
phenomena are as distinct in yeasts (Mitra and Subramaniam, 1949), as in 
higher animals (Geitler, 1937). Highly endopolyploid nuclei in fermenting 
cells show amitosis-like phenomena (Pl. V, Photo 3), irregular segregation of 
chromosome complements and often micronuclei formation (Subramaniam, 
1948 5). 

THE PROBLEM 


Are cells growing on agar slants comparable to those proliferating 
aerobically in well-aerated liquid media? Two considerations seem to mili- 
tate against such a possibility. The mere fact that the former is growing on 
a medium in the solid state in contrast to the latter which is submerged in 
a liquid, raises the question of differences in the easy availability of the 
nutrients to the cells. Apart from this, the difference in the diffusion of pro- 
ducts of cellular metabolism may also be influential. For instance, if alcohol 
is being produced, in the liquid culture there is every chance for it to be 
diffused uniformly throughout the medium, whereas in the solid medium, 
viz., the agar slant, due to the very slow diffusibility of the alcohol, local con- 
centrations amounting to a toxic level could easily be set up. Under such 
circumstances, one could possibly expect cells growing on agar slants to 
resemble closely those in fermenting liquid cultures. If fermenting yeast 
cells resemble secretory cells and asa result show endopolyploidy, the cyto- 
logical phenomena observed in cells growing on agar slants should be similar 
to that observed in fermenting cells. Similar should be the case in cells 
comprising the giant colonies also. 


OBSERVATIONS 


To check this possibility, samples from 24-hour agar slants were smeared, 
fixed in Osmic vapour, hydrolysed for six minutes and stained by Feulgen’s 
leuco-basic fuchsin according to the method described by Subramaniam 
(1948 a). A variety of cytological pictures are observed in such Feulgen 
slides. Ata, in Pl. VI, Photo 4 and Pl. VII, Photo 5, a normal diploid ana- 
phase could be made out. In the cell at b, in Pl. VI, Photo 4, one pair has 
reconstituted into a nucleus, while a pair of chromosomes are lying free at 
the other end of the cell. In the other cells illustrated in the field there are 
varying number of bodies which because they show positive Feulgen reaction 
have to be identified as chromatin. If this is accepted, the different numbers 
are capable of being explained as the result of an ascending grade of endo- 
polyploidy, the stained bodies of larger size originating by the fusion of a 
number of chromosomes. These are arranged in an orderly manner in the 
camera lucida illustrations, The normal diploid metaphase (Fig. 1) is 
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followed by the anaphase (Figs. 2 and 3). In cells showing su~h anaphase 
configurations, all the daughter chromosomes. may be identical in size 
(Fig. 3), or one pair may be larger (Fig. 2). The smaller pair is migrating to 
the bud in Fig. 4. The chromosomes in the mother cell have become vesicular 
and large, reminiscent of nuclei. In Figs. 5, 6 and 7 the cells show an increas- 
ing number of bodies. Naturally these should have originated by the divi- 
sion of the original two chromosomes without any bud formation. Even 


Fics. 1-9.—Fig. 1. Early metaphase. Fig. 2. Early anaphase. The chromosome pairs 
are unequal. (cf. a, in Photo. 4). Fig. 3. Late anaphase. (cf. a, in Photo. 5). The 
chromosomes are equal. Fig. 4. The bud contains a pair of chromosomes while the pair 
in the mother cell have become vesicular. Figs. 5, 6 and 7. The ascending grade in number 
of the chromosomes. Fig. 8. Segregation of the chromosomes into unequal complements. 
(cf. c, in Photo. 4). Fig. 9. A budding cell showing a large number of chromosomes some 
of which appear to be compound. (cf. 6, in Photo. 5). 


All drawings drawn at a magnification of x ca. 3,300. 


endopolyploid cells exhibit the phenomena of budding (Figs. 8 and 9) but 
the segregation of chromosomes is into unequal complements as described 
by Subramaniam (1948 5) in fermenting cultures. In Fig. 8, there are six 
bodies of unequal size in the bud and only two in the mother cell. In Fig. 9 
on the other hand, the chromosomes, simple and compound, are limited to 
the mother-cell (6, in Pl. VII, Photo 5). Pl. VII, Photo 6 is of living cells 
from a 24-hour agar slant. As could be made out very few of the cells show 
any vacuoles. These observations are of cells from 24-hour agar slants. 
As in fermenting cultures, with passage of time, the cells in agar slants should 
show increasing complexity. Thus the cytological observations if carried 
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out on material cultured under entirely different conditions would give rather 
confusing pictures. If, on the other hand, one attempts to correlate the 
changes starting with purely aerobic cultures, the varying pictures could be 
explained in a rational manner. 


DISCUSSION 


A comparison of Pl. [V, Photo 2, Pl. V, Photo 3, Pl. VI, Photo 4 and 
Pl. VII, Photo 5 with the illustrations of Levan (1947) shows remarkable 
similarity. Levan has apparently confined his attention to fermenting cells 
and it is not surprising that on the evidence available to him he concluded: 
“the low chromosome numbers earlier published for yeasts (Badian, 1937; 
Sinoto and Yuasa, 1941) may have been influenced by such fusions” 
(p. 464). If he had investigated the cytology of his strain under purely 
aerobic conditions, an entirely different picture would have been observed 
by him. 


Lindegren and Rafalko (1950) have confined themselves to material 
from “a 24-hour agar slant and incubated at 30° C. for one to six hours on ’ 
a shaker” (p. 170). As the results presented above show an ascending grade 
of endopolyploidy in cells growing on agar slants, it means that such endo- 
polyploid cells were used by Lindegren and Rafalko as the starting material 
in their experiments in shaker flasks. The cytological behaviour of such 
cells on a shaker depends on (i) the quantity of the inoculum and (ii) the 
efficiency of aeration. If the inoculum is heavy, the cells would continue 
to be endopolyploid. If the aeration is not efficient, the results would be 
identical. These two factors are completely ignored by Lindegren and 
Rafalko. It is not surprising that the cells figured show different number of 
bodies identified by them as the chromosomes. They illustrate in their 
Fig. 9, four pairs in the mother cell and one in the bud. In Fig. 15 on 
the other hand, they illustrate ten bodies in the mother cell and eight in the 
bud. But in spite of this variability they claim that, “‘ the chromosomes 
number four or five pairs” apparently not taking into consideration the 
enormous variability even in their illustrations. The results, as such, appear 
to be of questionable validity. 


Theoretically, the yield of yeast under ideal conditions of aeration could 
be calculated. But even under ideal experimental conditions, the theoretical 
yield is generally not obtained (Menzinsky, 1950). ‘Similarly, when yeast is 
grown aerobically for cytological investigations, it has been found impossible 
to avoid a few endopolyploid, fermenting cells. Under optimum condi- 
tions, the percentage of endopolyploid cells in smears is indeed low, 
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It is desirable to give-a rational explanation as to why the behaviour 
of the yeast nucleus during aerobic proliferation alone should be taken as 
the standard for an evaluation of the changes under different cultural condi- 
tions. In higher animals and plants, only the embryonic cells show a regular 
constancy in the behaviour of the nucleus. It is this fixity and stability which 
has led to the formulation of the chromosome theory of inheritance. When, 
as in the salivary glands of Drosophila (White, 1945; Lorz, 1947), the nucleus 
shows an entirely different type of organisation, the interpretation of such 


alterations is based on a knowledge of the behaviour of the chromosomes 
in the embryonic cells. 


During aerobic proliferation, the yeasts show a comparable fixity and 
stability of the chromosomes. If the salivary chromosomes have to be 
interpreted in terms of those seen during mitosis, it stands to reason that a 
similar procedure should be followed in the case of yeasts also. Our control 
strain has two chromosomes. These could be easily demonstrated when 
cultured aerobically. The picture changes when cells from fermenting 
cultures or agar slants are examined. The ascending grade of complexity 
of the nuclear structure is evidenced by the Feulgen stained chromosomes 
seen in such cells. As in higher animals, therefore, this progressive com- 
plexity has to be interpreted as due to endopolyploidy. When samples 
from agar slants or fermenting cultures are grown in liquid cultures aero- 
bically for a sufficiently long period, the population again shows typical 
mitosis. We have to presume therefore, that endopolyploidy is a specific 
modification to meet particular conditions of existence. 


SUMMARY 


Much of the confusion in the interpretation of the cytological pictures 
observed in yeasts could be traced to the wrong assumption that cells from 


cultures under entirely different physiological conditions should exhibit 
uniform cytological behaviour. 


The only rational method of approach will be to investigate the nuclear 
behaviour under each specific cultural condition. A critical evaluation of 
some recent publications is presented. 


Photomicrographs showing the cytological pictures during the aerobic 
and anaerobic phases are presented to illustrate the confusion that would 


result if attention is confined to either of the above cultural methods, for 
evaluation. 


The cytological pictures observed in cells taken from a 24-hour agar 
slant are entirely different from that observed in actively proliferating cells 
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in well aerated media. Photomicrographs and camera lucida drawings are 
presented as evidence that the varying number of bodies seen represent an 
ascending grade of endopolyploidy. 


14. 


15. 


It is emphasized that the behaviour of the yeast nucleus under aerobic 
proliferation alone should be taken as the standard for the evaluation of 
the changes under different cultural conditions. 


Endopolyploidy appears to be a specific modification to meet particular 
conditions of existence. 
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EXPLANATION OF PLATES 

Photo 1. Cells at early metaphase showing the two chromosomes. Aerobic culture in wort. 
Carnoy-Iron Hematoxylin, x ca. 4,000. 

Photo 2. A five-day old fermenting culture stimulated to divide by the addition of fresh wort. 
Cells show an ascending grade of polyploidy. Compare with illustrations presented 
in Plates 2 and 3 by Subramaniam (19485). At a, is a cell at early anaphase. 
Osmic fixation Feulgen’s staining, x ca. 2,500. 

Photo 3. A five-uay old fermenting culture stimulated to divide by the addition of fresh wort. 
‘Compare with illustrations in Plate 3 by Subramaniam (19485). At 5, is a highly 
endopolyploid cell. Osmic Feulgen, x ca. 5,000. 

Photo 4. Cells from 24-hour agar slants. At 5, is a ceil in which there is a reconstituted 
nucleus at one end and a pair of chromosomes at the other end. Osmic- 
Feulgen, x ca. 4,500. 

Photo 5. Cells from 24-hour agar slants. At a, is a cell at late anaphase. Osmic-Feulgen, 
x ca. 4,500. 

Photo 6. Living cells from a 24-hour agar slant, x ca. 4,500. 
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(preferably) twice the size than the ones in which they are intended to appear. 
They should be done in Indian ink on bristol board with lettering in pencil. Scale 
of magnification of camera lucida tracings should be indicated by the side of 
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from Vol. I, No. 2) in types smaller than the text, should be typewritten on sepa- 
rate sheets and placed with the text in proper sequence. Footnotes. should . be 
numbered in Arabic numerals. 

References to literature in the text should be given, whenever possible, in 
chronological order, only the names of authors and years of publication, in 
brackets, being given. They should be cited in full after the he carry: the 
authors’ names following in alphabetical order. Thus, 

Name or Names of author; Name of Journal (abbreviation) with a single 
underline; Year of publication; Number of Volume with a double underline, and 
lastly page. The following would be a useful illustration :— 

Bergmann and Stather........ Z. Physiol. Chem., 1926, 152, 189. 

Two copies of slip-proof and wherever possible, a page proof for final 
revision will be sent to authors. All corrections are best made on the slip-proof 
which should be transmitted to the Office of the Academy. All proof corrections 
involve heavy expenses which would be negligible if the papers are carefully 
revised by the authors before submission. 

Authors will be supplied with reprints of their papers at cost price, if 
intimation is given at the time of returning the slip-proof. 

All the blocks printed in the Proceedings will be offered to the respective 
authors at a price of 25% of the actual cost of preparing the blocks plus the 
packing and postal charges or railway freight to be incurred for despatching them, 
it being understood that authors should give due acknowledgment to the Academy 
whenever such blocks are reproduced in other journals. 

The original drawings and plates of blocks appearing in the Proceedings 
will be returned to such of the authors as may require them provided the cost of 
despatching such originals is borne by them. 
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